The compound also abrogated LPS-induced pulmonary edema, as assessed by gravimetrically determined lung extravascular wet-to-dry weight ratios. Despite its beneficial effect on pulmonary edema, delayed treatment with LY 203647 did not improve arterial oxygenation.
events in a porcine model of endotoxic shock. Pentobarbital-anesthetized pigs (11.8-17.5 kg) were mechanically ventilated with 100% Oz. Pigs in groups I (n = IO), IIA (n = lo), and 1113 (n = 5) were infused with Escherichia coli lipopolysaccharide (LPS; 250 pg/kg) from time (t) = O-20 min. Pigs in group III (n = 3) were normal controls.
All pigs were resuscitated from t = O-240 min with Ringer lactate (0.8 ml l kg-l l min-l). Pigs in group I received no further treatment.
At t = 30 min, groups IIA and I7B were injected with LY 203647 (30 mg/kg) and were started on an infusion of the compound at 10 (group IIA) or 30 mgokg-'.hV1 (group IIB). Delayed treatment with LY 203647 significantly (P < 0.05) and persistently ameliorated LPS-induced pulmonary hypertension.
The compound also abrogated LPS-induced pulmonary edema, as assessed by gravimetrically determined lung extravascular wet-to-dry weight ratios. Despite its beneficial effect on pulmonary edema, delayed treatment with LY 203647 did not improve arterial oxygenation.
Delayed treatment with LY 203647 transiently improved mesenteric perfusion. These data suggest that cysteinyl LTs are important mediators in porcine endotoxicosis.
lipopolysaccharide; endotoxic shock; adult respiratory distress syndrome; endotoxin; mesenteric perfusion LEUKOTRIENES (LTs) are a group of potent lipid mediators derived from arachidonic acid via the action of the enzyme 5lipoxygenase. LTC$, LTD4, and LTE, are collectively referred to as cysteinyl or sulfidopeptide LTs and have been identified as the active components of the slow-reacting substance of anaphylaxis (28). The cysteinyl LTs increase microvascular permeability (40), constrict airway smooth muscle (14) , and promote pulmonary, mesenteric, coronary, and renal arteriolar vasoconstriction (1, 2, 16, 33) . This constellation of biological actions suggests that the cysteinyl LTs may be key mediators in a variety of shock states (27) .
Data that have accumulated suggest that the cysteinyl LTs are pathophysiologically important in several animal models of endotoxic shock and the adult respiratory distress syndrome (ARDS). In unanesthetized sheep, LY 171883, an LTD,/LTE, receptor antagonist, has been shown to ameliorate lipopolysaccharide (LPS) -induced pulmonary hypertension and bronchoconstriction (21). In endotoxic rats, LY 171883 has been shown to prevent hemoconcentration, improve cardiac output, and preserve visceral perfusion (13, 17) . SK&F 104353, a potent cysteinyl LT receptor antagonist that is chemically distinct from LY 171883, has been shown to improve 48-h survival in a rat model of endotoxic shock (36).
Recent studies from our laboratory further implicate the cysteinyl LTs as mediators of some of the physiological derangements occurring in experimental endotoxicosis. We showed that LY 171883 improves mesenteric perfusion and ameliorates ileal mucosal acidosis in an acute porcine endotoxicosis model (11). Subsequently, we showed that pretreatment with 1-[2-hydroxy-3-pro- 203647, Ref. 29) , another cysteinyl LT receptor antagonist, also improves mesenteric perfusion in this model, albeit only transiently (12). In addition, treatment of pigs with LY 203647 before challenge with endotoxin was shown to improve post-LPS arterial oxygen tension (Pao,) and diminish LPS-induced pulmonary edema (12).
Our previous studies of LY 171883 and LY 203647 in porcine endotoxicosis employed a pretreatment design. While useful for demonstrating biological activity, this experimental design fails to simulate adequately the usual clinical situation wherein pharmacological intervention is instituted therapeutically rather than prophylactically. Therefore, the present study was undertaken to determine whether beneficial effects are still demonstrable when LY 203647 is administered after an endotoxic challenge.
METHODS
Animal preparation. The studies described herein were approved by the institutional review board for experiments involving animal subjects at the University of Massachusetts Medical Center and met National Institutes of Health guidelines for animal use in research.
Male Yorkshire random-bred pigs (11.8-17.5 kg) without clinical evidence of infection were sedated with ketamine (17 mg/kg im) and anesthetized with pentobarbital sodium (17 mg/kg). Light general anesthesia was maintained throughout the experiment with intermittent bolus doses of pentobarbital (lo-20 mg) . After a tracheostomy was performed, the animals were mechanically ventilated with 100% 0, using a Harvard ventilator [tidal R1008 LTD,/E, BLOCKER IN ENDOTOXICOSIS volume = 10 ml/kg; fractional inspiratory time (t) = 0.331. Rate was adjusted to maintain the partial pressure of CO, in arterial blood at 40 t 5 Torr.
The animals were instrumented as previously described (19) . Polyethylene (PE-160) catheters were positioned in the abdominal aorta and inferior vena cava via femoral cutdowns. A 3.0-Fr catheter for injecting the thermal indicator for cardiac output determinations and measuring central venous pressure (CVP) was placed in the right atrium via a cervical cutdown. A 2.5Fr thermistor-tip catheter was positioned in the abdominal aorta, and a balloon-tip catheter was floated into the pulmonary artery. Via a midline celiotomy incision, a 6-mm ultrasonic flow probe (Transonic Systems, Ithaca, NY) was positioned around the superior mesenteric artery (SMA) close to its origin from the abdominal aorta. The probe was connected to a previously calibrated Transonic Systems model TlOl blood flowmeter, and perfusion through the SMA (Q sMA was recorded from the digital readout. ) A PE-90 catheter was threaded into the superior mesenteric vein (SMV) via a distal tributary.
A tonometric catheter (Tonometrics, Worcester, MA) was placed within the lumen of the distal ileum via an antimesenteric incision and was secured in place with a pursestring suture.
Systemic hemodynamics. Mean systemic arterial pressure (MAP) and mean pulmonary arterial pressure (MPAP) were determined using Transpac II transducers (Sorenson; Abbott Laboratories, North Chicago, IL) driving a Honeywell amplifier/monitor with digital readout. Cardiac output indexed to body weight (Q) was measured by thermodilution using an Edwards model 9520 computer and 3.0-ml injections of room temperature saline. At each time point, Q was determined in quadruplicate, and the mean of the last three determinations was recorded. Systemic vascular resistance index (SVRI) was calculated as the quotient of this relationship (MAP -CVP)/Q.
Calculation of O2 transport, O2 uptake, and intrapulmonary shunt fraction.
The 0, contents of systemic arterial, mixed venous (pulmonary arterial), and superior mesenteric venous blood (Cao,, Cmvo,, and Csmvo,, respectively) were calculated using this equation: Cxo, = (Pxo, x 0.003) + (Hgb x Sxo, x 1.36), where x is a, mv, or smv and Hgb and Sxo, are hemoglobin concentration and fractional hemoglobin saturation, respectively. Sxo, was determined using an Instrumentation Laboratories (IL; Lexington, MA) model 1302 CO-oximeter, and PxoZ was determined using an IL model 1302 blood gas analyzer. These additional equations were employed: systemic 02 transport (002) = Q X Cao, X 10; systemic O2 uptake (00,) = Q x (Cao, -Cmvo,) x 10; mesenteric . Do = &MA X Cao, X 0.1; mesenteric VO2 = Q~MA X 0.1 >I' icao -Cmvo,). Intrapulmonary shunt fraction (&/ QJ was calculated using the standard mixing equation, assuming a respiratory quotient of unit value (32). Intestinal intramucosal hydrogen ion concentration. Intramucosal hydrogen ion concentration ([H+]i) was estimated tonometrically as previously described (19) . The tonometer in the lumen of the ileum consisted of a gasimpermeable sampling port connected to a balloon constructed of a material (silicone) that is freely permeable to C02. Saline in the balloon was replaced every 20 min with fresh fluid. At the end of each 20-min equilibration period, the dead space volume of the sampling port was discarded, and an aliquot of the saline in the balloon was withdrawn for determination of its CO2 tension using a blood gas analyzer. Because equilibration of CO2 is only 70% complete at 20 min (18), the measured CO2 tension in the tonometer fluid (Ptonco, ,,,,> was corrected to account for incomplete equilibration: Ptoncopo, = Ptonoo 2,,,,/0.7, where Ptoncozo, is the corrected partial pressure of CO2 in the saline contained within the tonometer balloon. A modified form of the Henderson-Hasselbalch equation (24) , is the simultaneously measured concentration of bicarbonate in arterial blood. We recently reported data validating this tonometric methodology for measuring ileal intramucosal pH in porcine endotoxicosis (4). Extravascular water. Extravascular water (EVLW) was determined gravimetrically as previously described (8). At the termination of each experiment, duplicate arterial blood samples (3 ml) were obtained for determination of hemoglobin (CO-oximeter). The blood samples were weighed wet and were then weighed again after drying (37°C for 48-72 h) to constant weight. The animals were killed using a commercially available euthanasia cocktail, and the entire right lung was removed. The major bronchi were removed from the lung, and the pulmonary parenchyma was homogenized with 100 g of added water in a Waring blender.
Wet and dry weights were recorded for duplicate loml samples of the homogenates. Detergent (Tween 20; 1.0 ml) was added to the remaining lung tissue, which was subjected to additional homogenization in the blender. Duplicate 5-ml samples of the homogenate were centrifuged (3,000 g). The supernatants were aspirated and stored at -70°C until spectrophotometrically assayed for hemoglobin (cyanohemoglobin method) using commercially available reagents (Fisher Diagnostics). In the subsequent calculations for determining extravascular wet-to-dry weight ratios by successive applications of the law of conservation of mass, it was assumed that hemoglobin was the same for arterial and pulmonary parenchymal blood.
Plasma prostanoid concentrations. Arterial plasma samples were collected, stored, and assayed for immunoreactive thromboxane (TX) B2 (TxA2 metabolite) and 6-ketoprostaglandin (PG) F1, (prostacyclin metabolite) as previously described (19). All samples for the experiment were run in single assay, obviating problems with interassay variability. Samples were run in duplicate and intra-assay variation was always <lo%. The lower limit of sensitivity was 39 pg/ml for both prostanoids.
Protocol. A total of 28 pigs were studied in four groups. From t = O-240 min, all pigs were infused with a large volume of Ringer lactate (0.8 ml. kg-l. min-l). From t = O-20 min, pigs in groups I (n = lo), IIA (n = lo), and IIB (n = 5), were infused with Escherichia coli LPS (Olll:B4; DIFCO, Detroit, MI; 250 pg/kg). At t = 30 min, pigs in groups IIA and IIB were injected intravenously over 2-3 min with LY 203647 (30 mg/kg). The vehicle for LY 203647 was 40 mg/ml mannitol-25 mg/ml Table 1 . Because of the small size of the sample, however, within-group analyses for group III were not performed.
Except for the EVLW and plasma prostanoid results, data were analyzed using two-way analysis of variance (ANOVA) for repeated measures (15). When group x time or time effects were significant by ANOVA, contrasts with the baseline value at individual time points after the initiation of treatment were assessed using twotailed paired-sample t tests, using Holm's sequentially rejective procedure to control for the increased risk of a type I error due to multiple tests (23). If significant group or group X time effects were present by ANOVA, between-group contrasts at each time point after the initiation of treatment (i.e., t = 40-240 min) were performed using analysis of covariance with the t = 20 min value serving as a covariate to control for animal-to-animal variability.
Individual contrasts between groups were performed using the Stu .dent-Newman-Keuls (SNK ) mu1 .tiple-range test. Between-group analyses at baseline and at t = 20 min were performed using one-way ANOVA and the SNK test. EVLW data were also analyzed using one-way ANOVA and the SNK test. Plasma prostanoid data were available for groups I and IIA and were analyzed using paired and unpaired t tests. The null hypothesis was rejected for P < 0.05.
RESULTS
The effects of time and crystalloid "resuscitation" on several variables in normal (group 111) pigs are summarized in Table 1 . Changes over time for most variables were <20% of the t = 0 min value. For Pao,, [H+]i, and MPAP, time-related changes were ~30% of the baseline value.
At the two time points before infusion of LY 203647 or saline (i.e., t = 0 and 20 min), there were no significant differences among groups I, IIA, and IIB for all of the repetitively measured variables except MAP. At t = 20 min (i.e., after the infusion of LPS, but before treatment with vehicle or LY 203647), MAP was significantly higher in group I (121 t 5 mmHg) than in groups IIA or IIB (108 t 5 and 102 t 6 Torr, respectively).
Between-group (i.e., group I vs. IIA and group I vs. IIB) effects were not significant for the following variables: MAP, Q, systemic Ijo and Tio2, mesenteric Ijo and VO,, [H+] i, and Qs/Qt. These data are shown in Table  2 . In all three of the groups infused with LPS, MAP increased at t = 20 min and then decreased to -7O-80% of the baseline value from t = 60-240 min. The decrease in MAP achieved statistical significance in group I but not in groups IIA or IIB. Irrespective of group, the effect of LPS on Q was triphasic, being characterized by an early transient decrease at t = 20 min, transient recovery to values near baseline at t = 60 min, and sustained deterioration thereafter. In all endotoxic groups, SVRI increased transiently at t = 20 min. In group 1, SVRI subsequently decreased significantly to -70% of the baseline value from t = 60-120 min. In contrast, SVRI was not significantly different from baseline from t = 40-240 min in the two LY 203647-treated groups. In all three endotoxic groups, systemic and mesenteric Jjoa decreased significantly, whereas systemic Tjoz and [H+] i increased significantly. Mesenteric Vo2 increased significantly only in group I.
The effects of LY 203647 on &MA in endotoxic pigs are shown in Fig. 1 . & sMA diminished to -55% of baseline in all three endotoxic groups at t = 20 min. Infusion of LY 203647 in groups IIA and IIB improved mesenteric perfusion, but only for a short while; from t = 60-240 min, &MA was similar in groups I and IIA, and it was significantly lower at t = 120 min in group IIB. In all three endotoxic groups, MPAP increased to >250% of baseline at t = 20 min and remained significantly elevated for the duration of the experiment ( Fig.   2A ). In groups IIA and IIB, however, treatment with LY 203647 resulted in a significant decrease in MPAP relative to untreated endotoxic controls. By repeated-measures ANOVA, the group x time effect for MPAP was highly significant (P = 0.0001). Statistically significant between-group differences were evident at all posttreat- I  IIA  IIB  I  IIA  IIB  I  IIA  IIB  I  IIA  IIB  I  IIA  IIB  I  IIA  IIB  I  IIA  IIB  I  IIA  IIB  I  IIA  IIB   10325 ment time points except t = 180 and 240 min. At baseline and t = 20 min, Pao, was significantly higher in group IIB than in group I; however, by repeated-measures ANOVA, neither group nor group x time effects for this variable were statistically significant (Fig. 2B) . Qs/Qt increased significantly over time in group I (16.9 t 1.0% at t = 0 min to 27.4 t 3.3% at t = 240 min). QS/Qt also increased in groups IIA and IIB, although the changes were not statistically significant. By repeated-measures ANOVA, the group X time effect for Qs/Qt was significant (P = 0.021)) although significant between-group differences at individual time points were not demonstrated (Table 2) . Pulmonary wet-to-dry weight ratios (corrected for intravascular water) were significantly increased in endotoxic (group I) pigs as compared with normal (group III) pigs resuscitated with a similar volume of Ringer lactate (Fig. 3) . Posttreatment of group IIA pigs with the lower dose of LY 203647 decreased EVLW relative to group I, although the effect was not statistically significant. Compared with group I, EVLW was significantly less in group IIB pigs that were posttreated with the higher dose of LY 203647.
Plasma levels of 6-keto-PGF1, and TxBz increased after the infusion of LPS in groups I and IIA (Table 3) . Posttreatment with LY 203647 did not affect the plasma prostanoid response to endotoxin.
DISCUSSION
Most of the observations in the present study corroborate results obtained in a previous study from our laboratory of the effects of LY 203647 on several hemodynamic and pulmonary variables in anesthetized pigs challenged with endotoxin (12). In our earlier study of LY 203647, we administered the drug before infusion of LPS; in the present study, treatment with the drug was not initiated until 30 min after starting the infusion of LPS (i.e., 10 min after the entire dose of endotoxin was administered). Consistent with our previous findings using a pretreatment design, the present data showed that posttreatment with LY 203647 1) attenuated LPSinduced pulmonary hypertension, 2) ameliorated LPSinduced pulmonary edema, and 3) transiently improved post-LPS mesenteric perfusion.
Infusion of LPS leads to acute pulmonary hypertension in a variety of species, including sheep (26, 31), baboons (lo), cats (5), and pigs (12, 19). The early phase of this phenomenon seems to be mediated largely by the release of TxA2, as evidenced by the following observations: 1) circulating concentrations of TxB2, which increase dramatically after the infusion of LPS, are temporally correlated with the early increase in MPAP in experimental models of acute endotoxicosis (5, 10, 26, 31); and 2) LPS-induced pulmonary hypertension is prevented when experimental animals are pretreated with cyclooxygenase inhibitors (19), TX synthase inhibitors (5, 10, 31), or TX receptor antagonists (26).
The data presented here suggest that the cysteinyl LTs are also important in the pathogenesis of LPS-induced pulmonary hypertension, since MPAP was significantly lower in endotoxic pigs treated with LY 203647 than in endotoxic controls (Fig. 2) . These findings are consistent with previously reported data from our group, showing that pretreatment with LY 203647 (12) or LY 171883 (11), another cysteinyl LT receptor antagonist, diminishes pulmonary hypertension in porcine endotoxicosis. Pretreatment with LY 171883 also ameliorates pulmonary hypertension in an unanesthetized ovine model of endotoxin-induced acute lung injury (21). Because treatment with LY 203647 did not affect plasma levels of TxBz (Table 3) , it is unlikely that the effect of this compound on MPAP was due to interference with LPSinduced TxA2 release. Conceivably, LY 203647 could have been functioning as a TxA2 receptor antagonist, but data are unavailable to confirm (or refute) this notion.
Delayed therapy with LY 203647 prevented the accumulation of EVLW in endotoxic pigs (Fig. 3) . Similar results were obtained when this compound was used to pretreat pigs before the administration of LPS (12). In the present study, a larger dose of LY 203647 seemed to be more effective than a smaller dose in preventing the accumulation of EVLW. These data suggest that the cysteinyl LTs are pathophysiologically important in edema formation during acute lung injury induced by endotoxin. This notion is further supported by several observations obtained in both experimental and clinical studies, including the following: 1) in isolated perfused rat lungs, LTC4 increases the escape of albumin from the vascular space and promotes the accumulation of EVLW (34, 39); 2) l f in using LTD, increases EVLW in anesthetized dogs (35); 3) in rats, both treatment with LY 171883 (6) and induction of a state of essential fatty acid deficiency (7) In a previous study, we showed that pretreatment with LY 203647 ameliorates LPS-induced arterial hypoxemia (12). Although this effect was statistically significant, the magnitude of the difference between treated and untreated animals was relatively small, particularly at later time points. In other studies, pretreatment with LY 171883 did not affect Pad, in sheep (21) or pigs (11) with acute lung injury due to endotoxin or rats with acute lung injury induced by oleic acid (7). In the present investigation, posttreatment with LY 203647 did not significantly alter the adverse affect of LPS on Pao,, although there was evidence of a modest beneficial effect on intrapulmonary shunt fraction, since &s/Qt increased significantly over time in endotoxic controls but not in endotoxic animals posttreated with LY 203647. Thus, in the present study, the pathological accumulation of EVLW was prevented by LY 203647, but LPS-induced arterial hypoxemia was unaffected. Numerous other studies of acute lung injury have similarly documented dissociation between the degree of pulmonary edema (or the magnitude of the derangement in pulmonary microvascular permeability) and the extent of arterial hypoxemia (6, 8, 9, 12) .
The cysteinyl LTs have been shown to be potent mesenteric arteriolar constrictors (16). We have shown that infusion of authentic LTC4 also leads to mesenteric hypoperfusion in pigs (unpublished observations). Because acute endotoxicosis in pigs is associated with mesenteric hypoperfusion and ileal mucosal acidosis (8, 11, 12, 19), we were interested in testing the hypothesis that this phenomenon is mediated by cysteinyl LTs. When LY 203647 is used to pretreat pigs before infusion of LPS, the early (t = 20-40 min) decrease in QsMA is abrogated, although late-phase changes in mesenteric perfusion and the development of ileal mucosal acidosis are unaffected (12). Very similar results were obtained in the present study. In a previous study, LY 171883 was shown to have a somewhat more durable beneficial effect on &MA in porcine endotoxicosis (11). Presently available data are insufficient to account for the differences in the results obtained with LY 171883 and LY 203647 with respect to mesenteric perfusion, although the former compound is known to have some activity as a phosphodiesterase inhibitor (20), and perhaps this explains its greater effect on Q sMA in porcine endotoxicosis.
Alternatively, the compounds may be interacting with different subclasses of cysteinyl LT receptors. In any event, it seems probable that the early decrement in mesenteric perfusion in this porcine model of endotoxic shock is mediated, at least in part, by the release of cysteinyl LT. We can only speculate as to why the beneficial effect of LY 203647 was only transient, although data obtained in rats suggest that LPS-induced release of cysteinyl LT is an early and transient event (22) . Thus it is possible that the late-phase decrease in QsMA in endotoxic pigs was due to mediators other than the cysteinyl LT.
In the present study, we did not include a group of animals treated with LY 203647 in the absence of LPS, since we have already shown that this compound does not affect important pulmonary or circulatory variables in normal pigs, at least over a 2O-min period of observation (12 
